A new method of banknote image retrieval is proposed by using new set of rotated quaternion wavelet filters (RQWF) and standard quaternion wavelet transform (QWT) jointly. The robust and rotationally invariant features are extracted from QWT and RQWF decomposed sub-bands of banknote image. Three different sets of databases are used to demonstrate the effectiveness of the proposed method. The experimental results show that the proposed method improves the recognition rate from 78.79% to 91.22% on (16000 images) database D1, form 74.08% to 94.62% on (20000 images) database D2 and from 76.44% to 88.78% on (10000 images) database D3. The proposed method can also obtain a reasonable level of computational complexity.
Introduction
With the development of modern science,the banknote recognition system becomes more and more important.The goal of the system is to sort the banknotes according to their value and face automatically. Feature extraction and classification are very important components in banknote recognition system.
Several authors have proposed many feature extraction methods.Liu and Picard [1] used wold features for image modeling and retrieval. Manjunath and Ma [2] used Gabor wavelet coefficients for image retrieval.Discrete wavelet transform (DWT) [3] [4] [5] [6] [7] [8] was proposed for image feature extraction.Do and Vetterli [9] proposed wavelet based texture retrieval by the use of generalized Gaussian density and Kullback-Leibler distance metric.A comparative study of rotation invariant texture analysis method was proposed by Janney et al [10] .Magnitude of a discrete Fourier transform in the rotation dimension of features obtained with a multi-resolution [11] [12] .Chen [13] modeled the features of wavelet sub-band as a hid-den Markov model (HMM).In [14] ,Manthalkar presented rotation-invariant texture features using a wavelet packet transform.The real DWT has two drawbacks of shift sensitivity and poor directionality [15] .Selesnick and Kingsbury [16] proposed DT-CWT which can represent image texture efficiently in six directions.Also,reference [17] obtained improved retrieval performance by the use of DT-CWT. But DT-CWT is a single phase, which can't resolve the image shift in both the horizontal and vertical directions from the change of only one CWT coefficient phase.
The new quaternion wavelet transform (QWT) [18] [19] was proposed in recent years for overcoming drawbacks of DWT and DT-CWT.The QWT can provide three phases for image analysis by using the phase concept.QWT used the Gabor kernel as quaternion mother wavelet,and extended to multiresolution analysis.Different phases are computed in different resolutions by the modulated quaternion Gabor filters.
To improve the retrieval performance both in terms of retrieval accuracy and retrieval time, a new set of 2-D rotated quaternion wavelet filters is proposed in this paper.The proposed banknote image retrieval method combined QWT and RQWF is used in banknote recognition system. The method is checked on three sets of large databases and compared with existing available methods on corresponding databases. The performance of the proposed method is better than that of the existing available methods on each database. This paper is organized as follows.Rotated quaternion wavelet filters are proposed in section 2. Section 3 provides an overview of support vector machine (SVM). The banknote image retrieval system using QWT+RQWF+SVM is proposed in section 4. Experimental results are given in section 5, which is followed by the conclusion in section 6.
Rotated Quaternion Wavelet

Real Wavelet Transform
The one-dimensional (1-D) discrete real wavelet transform decomposes signal f (x) with dilated and shifted mother wavelet ϕ(x) and scaling function φ (x).
where the approximation coefficients A j 0 ,l and wavelet coefficients D j,l at scale j can be calculated using the standard inner product
Given the approximation coefficients A j,l at scale j, then the approximation coefficients A j+1,l and wavelet coefficients D j+1,l at scale j + 1 are obtained by passing A j,l through low-pass filter h and high-pass filter g.The operation of down-sampling is by a factor of two. The standard two-dimensional (2-D) wavelet transform is obtained using tensor products of 1-D wavelets transform over the vertical and horizontal directions. It decomposes the signal of image f (x, y) in terms of a set of wavelet functions which are strongly oriented in {0 • , 90 • , ±45 • } and scaling function. 
where φ , ϕ are 1-D scaling function and wavelet functions as described in (1).The 2-D real wavelet transform of three sub-bands is shown in Fig1. 
Complex Wavelet Transform
The real DWT has two drawbacks. The first is shift variance which causes significant fluctuation in the wavelet coefficient energy. The second drawback is poor directional selectivity as shown in Fig 2. Complex wavelet transform (CWT) provide an avenue to remedy these two drawbacks.In CWT, the filters have complex coefficients and make the output samples are complex. However, it is difficult to achieve a perfect reconstruction for complex wavelet decomposition beyond level one.Selesnick and Kingsbury [11] proposed a method of DT-CWT which remedied this drawback of CWT.The DT-CWT is implemented by two parallel fully decimated trees with real filter and then combining sub-band coefficients appropriately.The 1-D DT-CWT decomposes a signal f (x) in terms of scaling function and a set of complex shifted and dilated mother wavelet functions as follows.
where A j 0 ,l and D j,l denote scaling coefficients and complex wavelet coefficients respectively. They are determined by
Two real wavelet transform consists of complex wavelet transform. The real and imaginary parts of the DT-CWT are calculated using h 0 ,h 1 and g 0 ,g 1 ,which are separate wavelet filters.In 2-D DT-CWT, an image signal f (x, y) is decomposed using a complex scaling function and six complex wavelet functions.
where A j 0 ,l and D k j,l are scaling coefficients and wavelet coefficients respectively. φ j 0 ,l (x, y) denotes the scaling function and ϕ k j,l (x, y) denotes six wavelet functions which are oriented at [20] proposed a theorem that if H 0 (e jω ) and G 0 (e jω ) are low-pass conjugate quadrature filters as follows: 
The six complex wavelets are obtained by
where k = {1, 3, 5}.The 2-D DT-CWT is implemented by taking sum and difference of two separable wavelet filter banks.The impulse response of six wavelets of DT-CWT is shown in Fig2. The DT-CWT are strongly oriented at six angles and can capture more image information than the conventional wavelet transform. 
Quaternion Wavelet Transform
The 2-D DT-CWT can only capture the image features perpendicular to its orientation as it has a single phase.When the features oriented in both horizontal and vertical directions, it will cause ambiguity in the 2-D DT-CWT domain.Quaternion wavelet transform (QWT) can remedy this drawback. Each quaternion wavelet consists of a real part and three imaginary parts which are organized according to quaternion algebra.The quaternion algebra H is proposed by W.R.Hamiton in 1843.Given Q = {s + k 1 a+k 2 b+k 3 c|s, a, b, c ∈ R} has multiplication rules which are
, c ∈ R} and the magnitude is defined as |Q| = √ QQ * . Another way to represent a quaternion Q in a polar form as Q = |Q| e k 1 α 1 e k 2 α 2 e k 3 α 3 , where are the quaternion phase angles.They are calculated using the following formulas.
where
There are three nontrivial algebra involutions as follows.
where function f : R 2 → H is called quaternion Hermitian for each (x, y). For image signal f (x, y), the quaternion wavelet multi-resolution decomposition is defined as , y) .We apply two wavelet filters h and g to each dimension of 2-D image signal.All possible combination of wavelet filters are hh, gg, hg, gh.They are applied to the 2-D image signal to generate four wavelet components oriented at horizontal, vertical and diagonal.The QWT coefficients are obtained using quaternion algebra by combing the wavelet components of the same sub-band from the filter bank.So the QWT wavelets at each scale can be organized as follows:
Rotated Quaternion Wavelet Transform
The diagonal sub-band of the QWT is difficult to distinguish the information oriented in 45 • or 135 • .We propose new 2-D rotated quaternion wavelet filters (RQWF) to remedy this drawback.The new RQWF are oriented by rotating the non-separable quaternion wavelet filters using (19) by 
Banknote Image Retrieval System
Banknote Image Preprocessing
The process of preprocessing includes edge detection and slant correction.The edge detection is implemented by testing many dispersed points on the borders of the image and then adopt the least square method to fit the border line of the banknote image.As the banknote image samples are scanned in the movement,the geometric distortion occur to some extent.So slant correction is used to the banknote image for remedy the drawback. The feature vector is constructed using energy and standard deviation.In each sub-band the feature vector is formed using the two parameter values.The motivation of using these features is that they are discriminated texture of the banknote image in the frequency domain.In the large banknote image database, the retrieval performance with combination of two features outperforms that using these two features individually. The energy and standard deviation of the kth sub-band is computed as follows:
where X k (i, j) denotes the kth quaternion wavelet coefficients,M × N is the size of quaternion wavelet sub-band and µ i j is the mean value of quaternion wavelet coefficients.The feature vector is formed using a combination of E k and σ k as follows
So the length of the vector is 2 × k.
Banknote Image Query Method
Some typical banknote image samples which belong to each class are selected for training using SVM.Considering the high speed and reliable performance, one against all training method is used in the experiment.The process is done by trainlssvm function of LSSVM. RBF is used as kernel function for the training SVM. LSSVM provides a function which can be used for overcoming the drawbacks of optimal parameter selection of SVM. In the experiment, grid search method is used for searching optimal parameters.Then the function simlssvm is used for computing the distance of each image included in the database from each trained SVM is calculated. The distance vector store the distance of each image from each support vector machine.The correlation based metric can be used for comparison.
where x r is the query image distance vector and x s is the distance vector of images included in the database.µ r and µ s are the means of the vectors x r and x s .
Experimental Results
To verify the retrieval performance of the proposed method, three different banknote image sets in the experiments are presented separately.
Banknote Image Database
The banknote image samples are scanned by contact image sensor with 200dpi.The samples are classified to three database described as follows: 
Average Retrieval Accuracy
The combination of standard deviation and energy is used as feature of the banknote image. From Table1 to Table3, they provide a comparison of average retrieval accuracy for D1, D2 and D3 using feature sets (a)-(e) respectively.The results of accuracy indicate that the proposed method outperforms the other methods on each database. The main reason is that the RQWF provides complementary banknote image texture information to the QWT by the use of its orientation selectivity.The retrieval performance is evaluated in terms of the average rate of the recognition rate. Fig9(a), Fig9(b) and Fig9(c) show the comparison for D1, D2 and D3, respectively.It is clear that the proposed method is superior to the other method. The performance increased up to 98.10%, 98.98% and 98.16% respectively.
Banknote Image Retrieval Time
Table4 shows the time of feature extraction and search of the each database for given query banknote image.The simulation is performed in Matlab7.5 running on 3.0G.Hz CPU and 1.0 GB of RAM. The results show that the proposed method saves reasonable time compared with other methods.
CONCLUSION
A new banknote image retrieval method that using standard quaternion wavelet transform (QWT) and rotated quaternion wavelet transform jointly is proposed in this paper.The proposed method is shift invariant,which it inherits from DWT and DT-CWT and captures the diagonal texture information of banknote image clearly.SVM is used as classifier in the banknote retrieval system.The proposed method is verified on Database D1-D3. Experimental results on database D1 consisting of 16000 banknote images of RMB, database D2 consisting of 20000 banknote images of USD and database D3 consisting of 10000 banknote images of EURO indicate that the proposed method significantly improves the recognition rate from 78.79% to 91.22%, 74.08% to 94.62% and 76.44% to 88.78% respectively, over the other method. 
